3T3-L1 adipocytes were incubated in serum-free media at 37°C with (dashed line) or without (solid line) 100 ng͞ml insulin for 8 h. Isoproterenol (10 M) was then added for the indicated time course at 37°C, and intracellular cAMP was determined by enzyme immunoassay, as described in Materials and Methods. Data are from a typical experiment done in triplicate wells Ϯ SEM and are representative of three separate experiments. (B) 3T3-L1 adipocytes were incubated in serum-free media for 8 h. Where indicated, 100 ng͞ml insulin was added for 15 min before isoproterenol treatment. Cells were then treated with 10 M isoproterenol for 5 min at 37°C, and intracellular cAMP was determined by enzyme immunoassay, as described in Materials and Methods. Data are from a typical experiment done in triplicate wells Ϯ SEM and are representative of three separate experiments.
Fig. 1. Insulin enhances cAMP generation in response to isoproterenol. (A)
3T3-L1 adipocytes were incubated in serum-free media at 37°C with (dashed line) or without (solid line) 100 ng͞ml insulin for 8 h. Isoproterenol (10 M) was then added for the indicated time course at 37°C, and intracellular cAMP was determined by enzyme immunoassay, as described in Materials and Methods. Data are from a typical experiment done in triplicate wells Ϯ SEM and are representative of three separate experiments. (B) 3T3-L1 adipocytes were incubated in serum-free media for 8 h. Where indicated, 100 ng͞ml insulin was added for 15 min before isoproterenol treatment. Cells were then treated with 10 M isoproterenol for 5 min at 37°C, and intracellular cAMP was determined by enzyme immunoassay, as described in Materials and Methods. Data are from a typical experiment done in triplicate wells Ϯ SEM and are representative of three separate experiments.
www.pnas.org͞cgi͞doi͞10.1073͞pnas.0630528100 After this, cells were treated with 10 M isoproterenol for 5 min at 37°C. Cells were then washed with PBS at 37°C and restimulated with a second 10 M dose of isoproterenol for an additional 5 min at 37°C; intracellular cAMP was determined by enzyme immunoassay. (B) 3T3-L1 adipocytes were incubated at 37°C in serum-free media for 8 h in the presence (dashed lines) or absence (solid lines) of 100 ng͞ml insulin. Forskolin was added for the final 5 min, and intracellular cAMP levels were determined by enzyme-linked immunoassay. Data are from typical experiments done in triplicate wells and are representative of three separate experiments.
The generation of amyloid fibrils from an amyloidogenic polypeptide occurs by a nucleation-dependent process initiated in vitro by seeding the protein solution with preformed fibrils. This phenomenon is evidenced in vivo by the fact that amyloid protein A (AA) amyloidosis in mice is markedly accelerated when the animals are given, in addition to an inflammatory stimulus, an i.v. injection of protein extracted from AA amyloid-laden mouse tissue. Heretofore, the chemical nature of this ''amyloid enhancing factor'' (AEF) has not been definitively identified. Here we report that the active principle of AEF extracted from the spleen of mice with silver nitrate-induced AA amyloidosis was identified unequivocally as the AA fibril itself. Further, we demonstrated that this material was extremely potent, being active in doses <1 ng, and that it retained its biologic activity over a considerable length of time. Notably, the AEF was also effective when administered orally. Our studies have provided evidence that AA and perhaps other forms of amyloidosis are transmissible diseases, akin to the prion-associated disorders.
T he amyloidoses represent a spectra of protein conformational diseases that result from the pathologic depositions as fibrils of over 20 biochemically diverse protein molecules, including immunoglobulins, polypeptide hormones, transport molecules, and acute phase reactants (1-4). These fibrillar aggregates are highly ordered with a predominant ␤-sheet secondary structure that allows inter-molecule hydrogen bonding, and consequently results in a highly stable product. Some of the amyloid proteins, e.g., transthyretin and lysozyme, have in their native form a high degree of ␤ structure, whereas other proteins, e.g., islet amyloid polypeptide and A␤ protein, are predominantly in random coil. Despite their chemical differences, the fibrillar products of these components possess virtually identical tinctorial and ultrastructural properties (for review, see ref. 5). Although it is not well understood how soluble proteins adopt an aggregation-prone conformation, it has been shown that this process can be initiated in vitro by seeding a solution of precursor molecules with small amounts of fibrils formed from the same protein (for review, see ref. 6 ). This seeding phenomenon has been demonstrated experimentally for several types of amyloidogenic molecules including islet amyloid polypeptide (7), ␤-protein (8, 9) , and lysozyme (10) .
The serum amyloid A (SAA) protein is an acute phase apolipoprotein reactant. SAA is produced mainly by hepatocytes under regulation of interleukin-1, interleukin-6, and tumor necrosis factor ␣ (for review see ref. 11). The plasma concentration of SAA is normally low (Ϸ20 mg/liter) (12) , but can increase to Ͼ1,000 mg/liter as a result of an inflammatory stimulus (13, 14) . SAA can undergo cleavage to an Ϸ76-residue N-terminal cleavage product, designated amyloid protein A (AA), that is deposited systemically as amyloid in vital organs including the liver, spleen, and kidneys (15) . Clinically, AA amyloidosis occurs in patients with rheumatoid arthritis and other chronic inflammatory diseases, and also can be induced experimentally in mice in which SAA concentrations are markedly increased by injections of silver nitrate, casein, or lipopolysaccharide (16, 17) . Two to 3 weeks after the inflammatory stimulus, the animals develop systemic AA deposits as found in patients with AA amyloidosis (18, 19) . This lag phase is dramatically shortened when mice are given, concomitantly, an i.v. injection of protein extracted from AA amyloid-laden mouse spleen or liver (20) (21) (22) (23) (24) (25) . The amyloidogenic accelerating activity of such preparations is termed ''amyloid enhancing factor'' (AEF); however, despite intensive efforts, the chemical nature of this material has not been defined (26) (27) (28) . Among other possibilities, it has been suggested that AEF may be amyloid itself (29) , a minute ␤ strand-containing fragment of the amyloid fibril (25) or an early AA peptide-glycosaminoglycan complex (30) . Based on our demonstration that fibrils formed from 10-to 20-mer synthetic peptides that corresponded to segments of amyloidogenic precursor proteins had AEF activity in vivo, we posited that the active principle in the AA amyloid extracts was the amyloid fibril itself (31, 32) .
We have now substantiated our amyloid fibril seeding hypothesis through the demonstration that AEF prepared from AAladen mouse liver consisted of proteins that are chemically identical to the AA molecule. This material was capable of accelerating amyloidosis even in femtomolar doses and retained its biologic activity over a considerable period. The AEF preparation was also effective in promoting amyloid formation when administered orally. The fact that AA amyloidosis can be accelerated by ingestion of a chemically related molecule that serves as a nucleation seed to promote fibrillogenesis provides direct experimental evidence of the mode of transmission of this disease process. In this respect, AA amyloidosis, mouse senile amyloidosis (and perhaps other amyloidoses), and the prionassociated diseases share a common pathogenic mechanism.
Materials and Methods
Animals. Outbreed female 6-to 8-week-old NMRI mice were obtained from B & K Universal (Södertälje, Sweden) and housed in cages with free access to type R 36 pellets (Lactamin, Vadstena, Sweden) and drinking bottles containing tap water.
supernatants from the second and the third water extractions were used without further purification as the source of AEF. The protein content in this fibril preparation was 1.32 mg/ml, determined by using a protein assay kit (Bio-Rad).
Chemical Characterization of AEF. Reversed-phase high-performance liquid chromatography (RP-HPLC) was performed by using a 4.6 ϫ 220 mm Aquapore 300-Å C8 column (Brownlee, Norwalk, CT) connected to an ABI model 151 apparatus (Applied Biosystems). A linear gradient of 7-70% acetonitrile in 0.1% trifluoroacetic acid (TFA) was used to elute protein over a 45-min period. The effluent was monitored at 220 nm, and the resultant UV-absorbing material was dried in a vacuum centrifuge (Speed Vac, Savant Instruments, Farmingdale, NY). Amino acid sequence analyses were done by using an ABI model 494 Procise sequencer. Mass spectrometry was performed by using an ABI 173 capillary HPLC system with the output directed to the ion-spray of a PE-Sciex 150EX single-quadrupole mass spectrometer. The column (Brownlee 150 ϫ 0.5 mm C18, 5-m particle size) was maintained at 37°C, and the flow rate was 6 l/min. The chromatography was performed with a gradient of 15-75% acetonitrile containing 0.1% TFA over a period of 2 h.
In Vivo Assay of AEF Activity. Because we previously showed that our AEF preparation was active at a 1:64 dilution (31), we prepared a series of dilutions (ranging from 1:32 to 1:14,697,216) to test for AEF activity corresponding to a dose of 4 g to 0.008 ng, respectively. Mice were divided into 20 experimental groups, with three to five animals in each group. Each mouse received a single injection of 0.1 ml of AEF diluted in distilled water into the lateral tail vein. Another group of five mice received 0.1 ml of distilled water alone. Immediately afterward, both treated and control animals were injected s.c. with 0.5 ml of a freshly prepared 1% solution of AgNO 3 in distilled water; additional 0.1-ml doses of AgNO 3 were given 7 and 14 days later. All animals were killed on day 16 by cervical dislocation. The spleens were removed and divided into two equal parts: one part was crushed, smeared between two glass slides, and air dried overnight, and the second was fixed in 10% buffered formalin and embedded in paraffin for microscopic analyses.
In another experiment, inflammation was induced with Escherichia coli-derived lipopolysaccharide (LPS) (serotype no. O26:B6; Sigma). Four mice were injected s.c. with 1.25 mg of LPS in 0.1 ml of 0.15 M NaCl. Simultaneously, 0.1 ml of AEF, diluted 1:64 (Ϸ2 g of protein) was given i.v.. The animals were killed after 2 days, and the spleens were examined for presence of amyloid.
The effect of guanidine⅐HCl denaturation on AEF activity was studied by dissolving 0.1 ml of lyophilized undiluted AEF in 0.1 ml of 6 M guanidine⅐HCl in 0.1 M Tris⅐HCl, pH 8.0, and after overnight incubation at room temperature, the solution was diluted to 10 ml with 0.15 M NaCl. Each of six mice was injected i.v. with 0.1 ml of this material (Ϸ1.32 g of protein) and s.c. with 0.5 ml of a 1% solution of AgNO 3 in distilled water. For control purposes, an identical amount of lyophilized, undiluted AEF was resuspended in 9.9 ml of 0.15 M NaCl to which 0.1 ml 6 M guanidine⅐HCl was added, and six additional animals were treated as above. All animals were killed after 48 h and studied for the presence of splenic amyloid.
Serial Transmission of Amyloidosis. Each of four mice was given an i.v. injection of 0.1 ml of AEF, diluted 1:10 in distilled water, and 0.5 ml of 1% AgNO 3 s.c. The mice were killed after 2 days. One part of the spleen was taken for examination of amyloid deposits, and the rest was used for extraction of amyloid fibrils. The other portion of the spleen was treated exactly as described for AEF preparation with the difference that only water wash no. 3 was used for the transmission experiments. The four supernatants were adjusted to a protein concentration of 20-30 g/ml with distilled water, and each supernatant was used as AEF on two new mice (0.1 ml per mouse), which were given AgNO 3 as above. These eight mice were killed after 2 days, and the spleens were recovered and processed as above. From these extracts, three were chosen at random as sources of AEF, and each was given i.v. at doses of 2-3 g to two new additional AgNO 3 -treated mice. The six animals were killed after 2 days, and the spleens were harvested for microscopic analyses.
Long-Term Effects of AEF. Mice were divided into experimental groups with 4-10 mice in each group, and control groups with 2-8 mice. Mice were injected i.v. with 0.1 ml of undiluted AEF (132 g of protein) or with 0.1 ml of distilled water. The animals were then given a s.c. injection of 0.5 ml of 1% AgNO 3 , given immediately afterward or at intervals ranging from 2 to 125 days later, and then killed 2, 8, or 16 days after the inflammatory stimulus. Two mice (controls) were given AEF alone and were killed 66 days later.
In another experiment, three groups of 16 mice each were injected i.v. with 0.1 ml of undiluted AEF, synthetic transthyretin (TTR)-(115-124) fibrils (31) 
Induction of Amyloidosis by Oral AEF Administration. To study the effect of oral administration of AEF, a group of 9 mice had this material added to their drinking water (1.32 mg/liter) for 5 weeks. After 3 of these weeks they received a s.c. injection of 0.5 ml of 1% AgNO 3 , followed by 0.1 ml of 1% AgNO 3 after 4 weeks and 0.1 ml of 1% AgNO 3 after 5 weeks. A control group of 10 mice were treated identically with AgNO 3 , but were given tap water alone. Both groups of animals were killed 48 h after the last AgNO 3 treatment, and organ samples were taken for analysis.
Microscopy. Air-dried amyloid smears and 10-m-thick deparaffinized tissue sections were stained with alkaline Congo red, counterstained with hematoxylin, and examined by polarization microscopy. Amyloid grading was performed on spleen sections or spleen smears for each mouse separately as described (31) . In brief, 1ϩ means trace of amyloid, 2ϩ means small amyloid deposits, 3ϩ means moderate amyloid deposits, and 4ϩ means extensive amyloid deposits (Fig. 1) . For electron microscopy, AEF was diluted in distilled water, and droplets were placed on Formvar-coated copper grids, negatively contrasted with uranyl acetate, and viewed by using a Jeol 1200 electron microscope at 80 kV.
Statistical Analysis. For statistical comparison between groups, Fisher's exact test was used with INSTAT 2.01 software.
Results

Characterization of AEF.
The pooled second and third water supernatants from material extracted from AA-laden hepatic tissue contained amyloid fibrils as evidenced after Congo red staining by the green birefringent nature of the material when viewed by polarization microscopy and by the presence of ϳ10-nm-thick unbranched fibrils when examined by electron microscopy (Fig. 2) .
To determine the chemical composition of the AEF contained in the amyloid extract, 1 ml of uncentrifuged solution containing 1.32 mg of protein was subjected to reversed-phase HPLC. No increase in pressure occurred, indicating a lack of particulate material in the specimen. Approximately 90% of the recovered protein eluted as a single peak at an acetonitrile concentration of 52%; several additional smaller peaks were also present (Fig.  3) . Fractions corresponding to the major as well as three minor peaks were collected, freeze-dried, reconstituted in water, and subjected to Edman degradation. In each case, the amino acid sequence of the first 16-18 terminal residues established by automatic (direct) analysis was identical to the N-terminal portion of the amyloidogenic precursor protein SAA1 (15) . For mass spectrometry, the AEF preparation (1.32 mg/ml) was diluted 10-fold with 20% acetonitrile in 0.1% TFA, and 20 l was injected directly into the capillary HPLC. Again, no pressure increase was noted. A single major peak with a pronounced trailing shoulder was detected by both ion current and UV absorbance. The peak contained peptides with masses corresponding most closely to the first 75-82 amino acid residues of SAA1, with the 82-mer species predominating. These masses were higher by 16 than the expected values, presumably because oxidation of the methionine residue at position 76, given the appropriate M r of the trailing 75-mer peptide that lacks this residue.
Effect of Parenteral AEF Administration. We have previously shown that our AEF preparation was active in vivo at a protein concentration of 0.02 mg/ml. To test the effect of lower doses of AEF, the sample was serially diluted in distilled water and injected i.v. in amounts decreasing from Ϸ4 g to Ϸ0.008 ng. As summarized in Table 1 , AEF in a dose as low as Ϸ0.015 ng was effective in accelerating amyloidogenesis in AgNO 3 -treated mice. There was no discernible difference in the extent of the perifollicular splenic amyloid deposits in animals that received Ͼ2 ng of material. Slightly less congophilic deposits were found in mice dosed with 0.12-1.0 ng of AEF, and at doses below 0.12 ng some mice did not develop amyloidosis. None of the control (non-AEF-treated) animals had detectable splenic amyloid (P Ͻ 0.0001). The four animals given AEF plus lipopolysaccharide (instead of AgNO 3 ) also developed splenic amyloidosis after 2 days.
Guanidine⅐HCl treatment of AEF abolished its activity, because none of the six animals treated with this denatured preparation (1.32 g protein per mouse) developed amyloidosis. In contrast, all six control mice that received comparable doses of lyophilized but not denatured AEF had pronounced splenic amyloidosis after 2 days.
Effect of Oral AEF Administration. Eight of nine mice that had AEF added to their drinking water for 21 days before and 14 days after AgNO 3 injections developed extensive amyloid deposits in the perifollicular areas of the spleen, central hepatic veins, as well as in the small intestine mucous membrane, blood vessels, and adjacent connective tissue (Table 2 ). In addition, one mouse had cardiac and pancreatic endovascular congophilic deposits. No amyloid was detected in any organ of the AgNO 3 -injected animals that drank tap water alone during a similar time period (P Ͻ 0.0001).
Serial Transmission of AEF. All four AEF͞AgNO 3 -treated mice developed splenic amyloid deposits within 48 h. This material, when extracted from the spleens, also had AEF activity as evidenced by its identical effect when administered to another group of eight AgNO 3 -treated mice. Extracts of spleen from three randomly chosen mice in this second group again accelerated amyloidogenesis in a third group of six mice.
Long-Term Effect of AEF. All mice that were given injections of AgNO 3 at the time of i.v. injection of AEF or up to 180 days later developed amyloidosis as evidenced in Congo red-stained smears and sections of splenic tissue. Although the extent of amyloid deposition was most marked in those animals killed 16 days after AgNO 3 treatment, amyloid was also found as early as 48 h after the inflammatory stimulus in all animals studied (Table 3) . None of the animals that were injected with distilled water, vehicle, or synthetic TTR-(115-124) fibrils instead of AEF and given AgNO 3 16 days before killing developed amyloidosis. Amyloid was not detected in animals given AEF or synthetic TTR-(115-124) fibrils alone.
Discussion
Our chemical analyses of the AEF derived from extracts of AA-laden mouse spleen indicated that this material consisted exclusively of AA-related protein.
We found no evidence of other amyloid-associated components, such as heparan sulfate proteoglycan or serum amyloid P component. The capability of our AEF preparation to accelerate amyloidogenesis was evidenced in AgNO 3 -treated mice, even in doses as low as Ϸ0.015 ng; this is the smallest amount of AEF reported to induce experimental AA amyloidosis (35) . Further, the biologic effect was not dose-dependent; there was no difference in the extent of amyloid deposition in animals that received from 2.0 ng to 4.0 g of AEF, and only a slight decrease in doses ranging from 0.24 to 1.0 ng. These results suggest that seeding efficiency depends on SAA rather than AEF concentrations. This conclusion is also consistent with the fact that AEF could also accelerate amyloidogenesis in lipopolysaccharide-stimulated mice.
The results of our studies demonstrate unequivocally that the biologically active component of AEF responsible for the amyloid accelerating activity in the experimental mouse model is the AA amyloid fibril fragment itself. Normally, the N-terminal amyloidogenic portion of SAA is bound to high-density lipoprotein (HDL), and thus protected from interaction with AA fibrils (36) . However, when the serum concentration of this amyloidogenic protein is greatly increased as a result of an inflammatory stimulus, not all SAA molecules are bound to HDL (37) , and thus would be free to interact with AA-derived fibril seeds. As a consequence of this interaction, we posit that SAA undergoes a conformational change leading to the formation of oligomeric intermediates, protofibrils, and ever-expanding amyloid deposits. The new fibrils themselves may act as nuclei and enhance the efficiency of the seed. The proposed mechanism can explain the lack of dose dependence between the amount of AEF administered and the extent of amyloid deposition, as well as the lack of activity of the AEF preparation in mice in the absence of an inflammatory stimulus. Furthermore, our experiments that demonstrated that AEF activity could be serially transferred provide further evidence for a seeding mechanism. The loss of effect of the AEF preparation after denaturation is also in agreement with a conformation-dependent process.
Our experimental data support the concept that AA amyloidosis is an autonucleation-dependent process (38, 39), analogous to that described for scrapie proteins (8, 40, 41) . Aggregation of prions into amyloid fibrils results from a conformational change in the normal, cellular prion protein (PrP C ) caused by an interaction with the structurally abnormal PrP Sc (scrapie) conformer (42) . As in the case of AA-derived AEF fibril seeds, PrP Sc protein is pathologically active in minute doses (43) , and its pathologic effect can be transmitted orally (44, 45) .
We have also shown that AEF can retain its amyloid accelerating activity even when administered 6 months before the The most notable finding in our study was the demonstration that AA-derived AEF can accelerate amyloidogenesis when given orally. Although AA amyloidogenesis was shown to be enhanced by oral administration of a splenic extract from an AA mouse, this material was reported not to contain AA protein (47) . However, given the extremely potent effect of our AEF, we attribute this response to the presence of trace amounts of AA-fibrillar material in the preparation used. Recently, it has been reported that AApoAII amyloidosis in mice could also be accelerated by oral administration of AApoAII fibrillar extracts (48) . Although this phenomenon occurred only in a mouse strain expressing an amyloid-prone form of apolipoprotein AII, oral transmission of AEF may be possible in different forms of amyloid diseases, if basic requisites for fibril formation are present, such as sufficient concentration of an amyloidogenic precursor protein.
Whether ingestion or inhalation of AEF-like material showing a high content of ␤-pleated sheet structure that occurs in nature, e.g., silk (49), can be a causative factor in amyloidosis and other protein folding diseases remains to be established.
